Saquinavir (SQV) is the first FDA approved HIV protease inhibitor. Previous studies showed that SQV can limit Toll-like receptor-4 (TLR4)-mediated inflammatory pathway and nuclear factor-κB (NF-κB) activation, thereby playing a protective role in many kinds of diseases. High-mobility group box 1 (HMGB1) has been identified as an inflammatory mediator and it might express its toxicity in a short period of time in ventilator-induced lung injury (VILI). In this study, C57BL/6 mice were randomly divided into four groups (n = 10): control group and control with SQV group (Con + SQV) were spontaneous breath. HTV group (HTV) received high tidal volume ventilation (HTV) for 4 h. HTV with SQV group (HTV + SQV) were pretreated with 5 mg/kg of SQV for 7 days before HTV. Mice were sacrificed after 4 h of HTV. Lung wet/dry weight (W/D) ratio, alveolar-capillary permeability to Evans blue albumin (EBA), cell counts, total proteins in bronchoalveolar lavage fluid (BALF), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) level in BALF and lung tissue, and lung histopathology were examined. Our results showed that HTV caused significant lung injury and NF-κB activation, which was correlated with the increase of TNF-α and IL-6 levels in BALF and plasma. SQV pretreatment significantly attenuated pulmonary inflammatory injury, as well as NF-κB activation. These findings indicate that the protective effect of SQV may be associated with the inhibition of NF-κB activation and HMGB1 expression in mice.
Introduction
Mechanical ventilation (MV) is a widely used life-saving therapy in the management of critically ill patients, such as acute respiratory failure. However, both clinical and experimental studies have shown that it can cause or worsen lung injury, which is recognized as ventilatorinduced lung injury (VILI) [1] [2] [3] [4] [5] [6] . The exact underlying mechanisms remain unclear, but mechanical stretch and inflammatory process may be the two main aspects that contribute to VILI [7] [8] [9] . MV, particularly at large tidal volume, leads to the release of multiple inflammatory cytokines, such as high-mobility group box 1 (HMGB1) protein, tumor necrosis factor (TNF)-α, and interleukin (IL)-1β, resulting in detrimental effects on the lungs. Our previous study demonstrated a critical role of TLR4-MyD88 pathway in the development of VILI in mice, which may possibly act through mechanisms involving the activation of nuclear factor-κB (NF-κB) and MAPK [10] .
Saquinavir (SQV), the pioneer of the HIV protease inhibitors (PIs), can inhibit the biological activity of HIV protease to terminate the replication of the HIV virus. In addition to its antiviral activity, SQV has many other effects. It can be beneficial in some other diseases like cancers, inflammation and immune-mediated diseases [11] [12] [13] . Previous studies showed that SQV can inhibit NF-κB activation [14, 15] , thereby playing a protective role in many kinds of diseases. In vitro experiments by Billiar revealed that SQV can inhibit HMGB1-induced TLR4 activation [16] , which represents a potential therapy for the acute and chronic inflammation.
HMGB1 is a nonhistone chromatin-associated protein [17] which is actively secreted by macrophages and monocytes, and exhibits proinflammatory activity. HMGB1 has been reported to be increased in the lung epithelial lining fluid of acute lung injury (ALI) patients [18] , and it has been identified as a late mediator of endotoxin [19] . More importantly, extracellular HMGB1 can bind to TLR4, then activates NF-κB through MyD88 pathway and stimulates the expressions of inflammatory cytokines, thereby playing an important role in ALI [20, 21] . On the other hand, HMGB1 protein levels were also increased in response to MV in both animal and clinical studies [22, 23] . A previous study revealed that HMGB1 showed its toxicity in short time of MV in mice [22] . It might be a potent inflammatory mediator in VILI. The high expression of HMGB1 protein caused by cyclic stretch is achieved possibly through p38 MAPK and NF-κB pathways [24] .
Therefore, in this study, we hypothesized that SQV pretreatment may inhibit HMGB1 expression following HTV by interfering with the NF-κB signaling pathway, and tested the protective effects of SQV in a murine VILI model.
Materials and Methods

Animals
All animal experiments were approved by the Institutional Animal Care and Use Committee of Tongji University. A total of 40 male C57BL/6 mice (weighing 20-25 g, 6-8 weeks old) were included in the experiment. They were obtained from the Laboratory Animal Research Center of Shanghai (Shanghai, China). All animals were handled in compliance with the national guide for care and use of laboratory animals. Mice were randomly assigned to four groups (n = 10 per group): spontaneous breath (control); spontaneous breath with SQV pretreatment (Con + SQV); high tidal volume ventilation (HTV); and high tidal volume ventilation with SQV pretreatment (HTV + SQV).
VILI animal model
In brief, animals were anesthetized with intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and anesthesia was maintained by supplementing of ketamine and xylazine with 30 mg/kg every 35 min during the experimental period. Mice were placed in the supine position. The trachea was exposed and a 20-gauge, 1-inch-long catheter was inserted, and then connected to a small animal ventilator (Inspira ASV; Harvard Apparatus, Holliston, USA). Mice in HTV group and HTV + SQV group were ventilated at 20 ml/kg (high tidal volume) with 100 breaths/min and no PEEP (positive end expiratory pressure) for 4 h, while mice in the control and Con + SQV groups underwent tracheotomy but breathed spontaneously. Mice with MV were administrated with saline (0.01 ml/g body weight) intraperitoneally every 45 min in order to maintain intravascular volume status.
Animals were sacrificed at the end of 4 h MV. Blood samples were collected and centrifuged for 15 min at 500 g at 4°C, and serum was collected and stored at −80°C. Lungs were harvested for bronchoalveolar lavage fluid (BALF) preparation, wet/dry weight (W/D) ratios determination, histopathological examination, immunohistochemical analysis, and lung tissue homogenate preparation. The levels of TNF-α, IL-6 and HMGB1 in the serum or BALF were measured by ELISA.
SQV treatment
Animals in the Con + SQV group and HTV + SQV group were treated every 24 h by intraperitoneal injection of a mixture of 5 mg/kg SQV (provided by Dr. T.R.B. of the Department of Surgery, University of Pittsburgh, Pittsburgh, USA) and 1.25 mg/kg ritonavir (provided by Dr. T.R.B.) for 7 days before MV. A small dose of ritonavir (1.25 mg/kg) was used to boost plasma concentrations.
Evans blue albumin permeability measurement
Evans blue albumin (EBA) permeability was used as a marker of pulmonary vascular permeability as previously described [15] . Evans blue (0.5% EB; Sigma-Aldrich, St Louis, USA) was dissolved in Ca 2+ /Mg 2+ -free phosphate-buffered saline (PBS; Sigma-Aldrich),
and mixed with bovine serum albumin (Sigma-Aldrich) to prepare EBA (4%). After gentle stirring with a magnetic bar, the EBA solution was filtered through a 0.22-μm syringe filter and aliquots were stored at −80°C until use. Each aliquot was used only once for each experiment. To evaluate alveolar-capillary barrier function, EBA (25 mg/kg body weight) was injected into the internal jugular vein 1 h before euthanasia and lung harvesting. Blood samples were obtained from the right ventricle, and the pulmonary vasculature was subsequently infused with 1 ml PBS. The right lung was ligated at the level of the right mainstem bronchus, excised, blotted dry, weighed, and stored in liquid nitrogen until use for EBA analysis. After freeze/thaw, the lung tissue was homogenized in 2 ml PBS and incubated with 2 ml of formamide (Sigma-Aldrich) for 18 h at 60°C. Formamide extracts were centrifuged at 15,000 g for 30 min at 4°C, and the supernatants were collected to measure the lung EBA content using a dual-wavelength (620 nm and 740 nm) spectrophotometric method. Pulmonary EBA absorbance at 620 nm was corrected by a correction factor with EBA absorbance at 740 nm. EBA permeability index was the ratio of the corrected pulmonary tissue EBA absorbance (620 nm) per gram of lung tissue and the corrected serum EBA absorbance (620 nm).
Lung wet/dry weight ratio
At the end of each experiment, the left lung was weighed immediately after removal to get wet weight, and then dried in an oven at 65°C for 48 h to get the dry weight. The lung W/D weight ratio was the ratio of the wet weight to the dry weight.
Lung histological examination and immunohistochemical staining for HMGB1
The effects of ventilation on lung morphology were examined by histological examination. Lungs were fixed in 4% paraformaldehyde phosphate-buffered saline for 24 h. After dehydration, the lungs were embedded in paraffin, and cut into 4-μm sections, and then stained with hematoxylin and eosin (H&E). Immunohistochemistry for HMGB1 was performed using a 1:1000 dilution of the anti-HMGB1 antibody (Abcam, Cambridge, UK) to semi-quantitatively determine changes of the expression of HMGB1 in the nuclei.
Bronchoalveolar lavage
At the end of the experiments, lungs were lavaged 15 times with 1 ml of cold sterile phosphate-buffered saline, and approximately 80% of the BALF was collected. Total cell numbers were counted using a hemocytometer. Total protein concentration was measured with BCA protein assay (Pierce Chemical Co., Rockford, USA). TNF-α and IL-6 levels in the BALF were measured using ELISA kits (R&D, Minneapolis, USA). Serum and BALF levels of HMGB1 were also measured using ELISA kits (Cusabio Biotech, Wuhan, China).
Western blot analysis
Lungs were ground in liquid nitrogen, and the cytoplasmic and nuclear proteins were extracted. Protein concentration was quantitated with BCA protein assay. Western blot analysis for HMGB1 and NF-κB was performed as described previously [25] . Briefly, protein samples were subject to 10% SDS-PAGE and electrotransferred onto nitrocellulose membranes (Thermo Fisher, Waltham, USA). After being blocked with 5% nonfat milk for 1 h, the membrane was incubated with primary antibody against HMGB1 (1:2000; Abcam), p65 (1:1000; Cell Signaling Technology, Beverly, USA), β-actin (1:1500; Abcam), or proliferating cell nuclear antigen (PCNA; 1:1000; Bioworld, St, Louis, USA), and subsequently incubated with HRP (horse radish peroxidase) labeled secondary antibody. Odyssey (LI-COR Biosciences, Lincoln, USA) image analysis system was used to detect the bands.
SYBR green real-time RT-PCR
Total RNA was extracted from lung tissues using the Trizol reagent (Sigma-Aldrich) according to the manufacturer's recommendations. Total RNA was transcribed into cDNA using the SYBR Premix Ex Taq kit (TaKaRa, Dalian, China). SYBR green quantitative RT-PCR was prepared to measure the expressions of the target genes. Primers for HMGB1 amplification were purchased from Sangon Biotech (Shanghai, China). The sequences are as follows: HMGB1 forward: 5′-TGGGCAAAGGAGATCCTAAA-3′; HMGB1 reverse: 5′-GCAGACATGGTCTTCCACCT-3′; amplification 160 bp.
Statistical analysis SPSS 20.0 (SPSS, IBM Corporation, Armonk, USA) was used to analyze data, which are expressed as the mean ± standard deviation (SD). One-way ANOVA was performed to compare statistical differences between groups. P < 0.05 was considered statistically significant. Statistical analyses were carried out using the GraphPad Prism 5 program.
Results
SQV attenuates vascular leak of VILI model
Lung W/D weight ratio (Fig. 1A) , EBA permeability (Fig. 1B) , protein concentrations in BALF (Fig. 1C) , and total cells in BALF Figure 1 . SQV attenuates vascular leak of VILI model Mice in the HTV group and control group were pretreated with SQV or vehicle. Lung wet/dry weight ratio (A), EBA permeability (B), protein concentrations in BALF (C), and total cell counts in BALF (D) were measured from four groups of mice, i.e. control, Con + SQV, HTV, and HTV + SQV. SQV pretreatment significantly attenuates vascular leak caused by HTV. Data are expressed as the mean ± SD (n = 10 mice per group). *P < 0.05 vs. control group mice; # P < 0.05 vs. HTV group mice.
( Fig. 1D) in HTV group were significantly increased compared with control and Con + SQV groups (P < 0.05). In contrast to HTV injury alone, pretreatment with SQV significantly prevented these increases (P < 0.05). The effects of SQV on lung injury were confirmed by assessing histological changes. Representative H&E stain images from lung tissues of the four groups are shown in Fig. 2 . A significant increase in the infiltration of inflammatory cells, welling of parenchyma as well as alveoli, and pulmonary edema was observed in the lung from HTV group compared with the lungs from control and Con + SQV groups. In the HTV + SQV group, the extent of interstitial edema and inflammatory cell infiltration were significantly attenuated.
SQV decreases inflammation cytokine secretion in VILI model
To examine the effect of SQV on cytokine levels both in BALF and serum, IL-6 and TNF-α levels were measured in each group. As shown in Fig. 3 , low levels of IL-6 and TNF-α were detected in control group and Con + SQV group. They were enhanced significantly after 4 h of HTV (P < 0.05). However, pretreatment with SQV prevented the increase of IL-6 and TNF-α expressions following HTV (P < 0.05).
SQV inhibits NF-κB activation in VILI model
In order to investigate whether HTV would leads to NF-κB activation and whether SQV affects such change, the nuclear translocation of NF-κB was examined by western blot analysis. As shown in Fig. 4 , NF-κB factor p65, the main subunit of NF-κB, was strongly translocated from cytoplasm to the nucleus by 4 h of HTV challenge. Pretreatment with SQV significantly prevented cytoplasmic NF-κB-p65 from translocation to the nucleus. These results show that SQV administration can reduce NF-κB activation compared with the HTV group (P < 0.05).
SQV reduces the expression of HMGB1 protein in the lung of VILI model
To determine whether SQV administration influences HMGB1 protein expression following HTV, western blot analysis was performed using lung tissues from mice in each group. There was no significant difference between control group and Con + SQV group. As shown in Fig. 5 , compared with the control and Con + SQV groups, HTV group showed significantly elevated level of HMGB1 protein (P < 0.05). By contrast, HMGB1 level in the HTV + SQV group was significantly lower than that in the HTV group (P < 0.05), which indicated that SQV pretreatment could inhibit the high expression of HMGB1 protein caused by cyclic stretch, which is likely correlated with p38 MAPK and NF-κB pathways following 4 h of HTV. On the other hand, real-time RT-PCR was used to analyze mRNA expression of HMGB1. HTV enhanced HMGB1 mRNA expression, but SQV pretreatment significantly reduced its expression (P < 0.05).
Effect of SQV on lung tissue levels of HMGB1
Immunohistochemistry was also used to assess the expression of HMGB1 in the lung tissues (Fig. 6) . Lungs in control and Con + SQV groups showed sparsely distributed inflammatory cells, and they were Figure 2 . SQV restores normal morphology in VILI model Mice in the HTV group and control group were pretreated with SQV. Representative images from each group are shown (original magnification ×400). Lung sections from control (A) and Con + SQV (B) groups showed normal alveolar structures; HTV group (C) showed a marked increase in inflammatory cells infiltration and septal thickening, as well as pulmonary edema; whereas SQV pretreatment ameliorated these pathological changes (D).
mostly not immunoreactive for HMGB1. Lungs exposed to HTV showed increased number of macrophages and neutrophils. Some of these inflammatory cells that had migrated into the alveolar spaces were strongly immunoreactive for HMGB1 (stained in brown). Only a few epithelial cells were also immunoreactive for HMGB1. However, specific staining of HMGB1 protein was significantly reduced in lung slices from HTV + SQV mice compared with 4 h HTV-treated mice.
SQV decreases the level of HMGB1 in BALF but not in serum of VILI model
The effect of SQV on HMGB1 levels both in BALF and in serum was examined. As shown in Fig. 7A , low level of HMGB1 was detected in control group and Con + SQV group in BALF. They were enhanced significantly after 4 h of HTV in BALF (P < 0.05). However, pretreatment with SQV prevented the increase in HMGB1 following HTV in BALF (P < 0.05). But no significant difference was found in serum (Fig. 7B) .
Discussion
HIV PIs have been successfully used for the treatment of HIV infection. Previous studies have shown that these inhibitors had additional effects on the immune system. HIV PIs directly affect several pathways involved in invasion, inflammation, angiogenesis, tumor-cell proliferation and survival in HIV-free models [26] . Pati et al. [27] showed that HIV PIs may inhibit the activation and proliferation of endothelial cells, and inhibit the production of inflammatory cytokines and chemokines including IL-6, IL-8, and TNF-α. Our previous screening of 5546 pharmacologically active compounds and clinically used drugs identified SQV and nelfinavir as potent inhibitors of HMGB1-induced TNF-α production [28] . Our recent study discovered that SQV can suppress the interaction between the TLR4-MyD88 receptor complex and cathepsin V induced by HMGB1 [16] . A study based on murine CLP-induced sepsis revealed that HIV PIs therapy was associated with improved survival, reduced lymphocyte apoptosis, as well as lower plasma cytokines compared with CLP only [12] . HIV PIs are beneficial in some other diseases like cancer, inflammation, and immunemediated diseases [11, 13] . The activation of NF-κB is centrally regulated by the proteasome. The main subunit p65 of NF-κB is sequestered in the cytoplasm as inactive forms by binding to the inhibiting protein IκBα. After IκBα degradation by the ubiquintin-proteasome pathway, p65 is translocated to the nucleus to initiate transcription activity [29] . Previous studies have proved that NF-κB plays critical roles in the regulation of proinflammatory genes [30, 31] . It has been found that mechanical stretch can activate IκBα degradation and p65 translocation, which induces the secretion of IL-8 [32] . In addition, NF-κB cis-elements have been identified in the promoter region of the HMGB1 gene [30] . In vitro experiment has shown that high expression of HMGB1 is induced by cyclic stretch partly through the signal pathway NF-κB [18] . Ding et al. [24] showed that NF-κB inhibitor pretreatment blocked mechanical stretch-induced expression of HMGB1 following lipopolysaccharides (LPS) challenge. Proteasome and NF-κB are key mediators of inflammation. Previous studies showed that HIV PIs including SQV have a significant anti-proteasome activity [14, 15] , which both SQV and RTV interfere with the catalytic proteases of proteases, thus inhibit 26S proteasome activity, thereby preventing IκB degradation and blocking NF-κB activation. Rosanna et al. [28] focused on the beneficial effect of SQV on idiopathic nephritic syndrome. The rationale was to down-regulate the activity of proteasome and the unclear translocation of NF-κB [3, 4] and they observed that SQV significantly blunted the NF-κB up-regulation. Inhibitors of proteasome or of NF-κB activation have an anti-inflammatory activity [13] . In TLR4 cellular responses, 26S proteasome is required for NF-κB activation. In our recent study, we also assessed the degradation of IRAK1 and phosphorylation of IRAK4, which is the upstream of NF-κB activation [16] . SQV suppresses the IRAK1 and IRAK4 activation, indicating that SQV can act as an inhibitor of NF-κB. HMGB1 may activate TLR4 signaling pathway. On the other hand, NF-κB may regulate proinflammatory cytokines including HMGB1. We have just reported that SQV can block TLR4/MyD88-NF-κB signaling, so we hypothesize here that SQV pretreatment may inhibit HMGB1 expression following HTV by interfering with NF-κB signaling. Our findings showed that SQV showed positive results in reducing inflammation caused by HTV, which was in accordance with previous studies [3, 4, 12, 27, 29, 33] . NF-κB nuclear translocation was significantly down-regulated, as well as the expression of HMGB1 protein.
HMGB1 has been identified as a molecule of dangerassociated molecular patterns (DAMPs) in ALI [34] . It may be released passively in the setting of cell necrosis or actively from macrophages/monocytes activated by LPS or hypoxia. Although Wang et al. [19] suggested that HMGB1 was a late mediator of endotoxin lethality in mice, previous studies and our current findings supported that HMGB1 may be an early mediator following VILI [22, 24] . Eileen et al. [22] reported that MV with a large V T (30 ml/kg) for 4 h increased HMGB1 concentration in BALF, IL-8, and TNF-α levels in both BALF and plasma. Administration of HMGB1 by intratracheal instillation caused an acute, diffuse inflammatory response [18, 19] . Importantly, VILI was mitigated by anti-HMGB1 antibody [20] . To determine whether SQV pretreatment directly affects the expression of HMGB1, mice received HTV at 0, 2, 4, 6 days posttreatment. SQV administered 4 and 6 days prior to HTV significantly reduced the high expressions of HMGB1 protein and mRNA caused by HTV, and it was more obvious for the 6 days ( Supplementary  Figs. 1 and 2) . So in our study, we treated mice with SQV 7 days prior to HTV. Nevertheless, several limitations should be considered when interpreting our investigation. Firstly, we evaluated the time course of the expression of HMGB1 but the time of the SQV administration may not be optimal for the development of inflammation in VILI model. Secondly, we did not perform SQV administration after receiving HTV, which may be more similar to clinically relevant conditions. Thirdly, our further studies will focus on the role of HMGB1 in VILI by using its inhibitor and antagonist. In addition, we need to show the time evaluation of inflammation and activation of NF-κB after MV in further studies.
We chose the V T of 20 ml/kg in this study, because a previous study showed that MV with a V T of 20 mg/kg for 4 h caused evident . SQV decreases the level of HMGB1 in BALF but not in serum of VILI model Mice in the HTV group and control group were pretreated with SQV or vehicle. ELISA was performed to determine the levels of HMGB1 protein both in BALF (A) and in serum (B). SQV pretreatment can significantly attenuated the HMGB1 levels following HTV in BALF, but no significant difference was found in serum. Data are expressed as the mean ± SD (n = 10 mice per group). *P < 0.05 vs. control group mice; # P < 0.05 vs. HTV group mice.
VILI in mice with significant increase in W/D ratio, pulmonary permeability and inflammation [10] . It was reported that MV with a V T of 20 mg/kg developed an increase of IL-8 concentration in BALF and an infiltration of neutrophils [35] , and elevated CD14 protein expression in alveolar macrophages [36] . We observed that TNF-α and IL-6 levels were significantly increased both in BALF and in plasma, and HMGB1 protein levels were obviously elevated after 4 h of HTV, which were in accordance with lung injury induced by HTV. HMGB1 was significantly increased in BALF after 4 h of HTV and pretreatment with SQV prevented the increase in HMGB1 following HTV in BALF, but there was no significant difference in serum. These results suggest that HTV induces the recruitment and activation of inflammatory cells, leading to alveolar epithelial and endothelial injury, as well as increased alveolar permeability with interstitial edema. We also confirmed that HTV can activate NF-κB pathway and may regulate HMGB1 expression in the lung. In contrast, pretreatment with SQV attenuates pulmonary inflammation and decreases pulmonary vascular permeability, thereby inhibiting NF-κB signaling in the lung.
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